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Spray nozzles and atomizers have several applications in many forms of industry such as 
aerospace, automotive, combustion, pharmaceutical, and spray coating industries.  These 
nozzles vary in design and performance depending on the application they are used in.  
Nevertheless, the primary objective for all atomizers is to disperse liquids in a controlled and 
uniformed manner while minimizing the amount of energy needed in the breakup process to 
achieve high quality atomization. 
Air-assist and air-blast atomizers are fuel injector nozzles commonly used in gas turbine 
engines in the aerospace, and power generation industries.  The flow in these atomizers is 
considered to be two-phase flow since a portion of air taken from the compressor is also used 
to assist in the breakup of the fuel inside the combustion chamber.  These nozzles play a 
critical role in determining the efficiency of gas turbine engines as their ability to disperse 
liquid fuel into fine droplets allows for better mixture and evaporation rates; therefore, 
improving engine performance, reducing emissions, and maximizing fuel efficiency. 
The objective of this study is to experimentally analyze two gas turbine fuel injector nozzles.  
The first nozzle is a standard hollow cone nozzle currently used in gas turbine engines, 
whereas the other is a hollow elliptical nozzle designed to offer greater control over fuel 
distribution as well as improve overall atomization.  The nozzles are investigated under 
varying gas to liquid ratios (GLR) where key spray parameters such as droplet diameter, 
velocity, volume flux, as well as spray angle are measured to characterize the nozzles using 
methods such as Shadowgraph, Optical Patternation, Phase Doppler Particle Analyzer 
(PDPA), and Particle Image Velocimetry (PIV).  
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1.1. Background & Motivation 
Atomization is a surface dispersion process in which a bulk liquid such as a jet or sheet is 
disintegrated into small droplets, by the kinetic energy of the liquid itself or by exposing the 
liquid to high gas velocities, or through mechanical energy by means of rotation or 
vibration.  In our world, atomization is found and applied in many forms of nature itself and 
industry.  For example, sprays may be found in nature such as water falls, rain, mist, or 
ocean sprays caused by the crashing of waves against rocky seashores.  The industrial 
application of atomization is vast and extensive where sprays are considered commonplace 
if not crucial to the industry they are used in.  Typical applications of the atomization 
process may be found in industries such as the aerospace, automotive, agriculture, and 
pharmaceutical. (1) 
Sprays may be used in agricultural industry for the purpose of spreading water or chemical 
pesticides over farm crops.  They are also used for coating processes such as painting, or as 
part of corrosion prevention in which sprays are used to uniformly apply a protective layer 
over materials that are sensitive to the ambient environments they are used in.  Atomization 
is also used extensively in combustion engines and plays a vital role in the process where 
virtually every type of combustion engine is dependent on some method of spray 




Figure 1: Examples of spray atomizer applications such as (a) Agricultural Spraying (b) Drug 






There is also a growing worldwide effort to reduce overall fuel consumption and improve 
energy efficiency in many industrial applications.  The aerospace industry has been a leader 
in a drive towards meeting and exceeding strict environmental standards set out by federal 
regulators such as the International Civil Aviation Organization (ICAO) (3) (4) (5).  Therefore 
more research and development has focused on ways to improve the method of distributing 
fuels within a gas turbine engine’s combustion chamber.  
 A typical gas turbine engine operation such as the one shown Figure 2 forces air through a 
series of compressors where pressure and temperature begin to rise.  Most of the compressed 
air is then taken into a combustion chamber similar to the one shown in Figure 3, where fuel 
is injected into the chamber in a highly turbulent environment in order to allow the air and 
fuel to properly mix.  The mixture in the chamber is then lit with an igniter which causes the 
fuel air mixture to burn releasing a great deal of thermal energy.  The thermal energy caused 
by the combustion is then converted to kinetic energy using turbines at the end of the engine 
where part of the turbine’s kinetic energy is used to drive the compressor and the remaining 
is accelerated out to the ambient environment through the exhaust in order to create thrust. 
 





An area of particular importance in ensuring optimal combustion efficiency lies within the 
way fuel is injected into the combustion chamber.  Fuels used in gas turbine engines are 
liquids that must be converted into small fine droplets when entering the combustion zone.  
The main principal to this process is to produce a high surface to mass ratio of liquid fuel so 
that better evaporation rates are obtained resulting in improved performance in the engine, 
fuel efficiency, as well as reduction of emissions (7).   Several types of fuel spray atomizers 
used in combustion applications are discussed in this study; however a general understanding 
of atomization fundamentals are first described. 
Since the application of sprays is extensive, it is natural to assume that several types of spray 
atomizers need to be designed according to the different applications they are used in.  The 
simplest form of spray atomizer that has been extensively studied and analyzed is the plain 
orifice atomizer.  A simple circular hole is used to inject liquid into the surrounding gas 
environment where the liquid’s own pressure is converted into kinetic energy to drive the 
Figure 3: Diagram of a gas turbine combustion chamber.  Air enters the chamber from the compressor via 
the diffuser, while fuel enters through the injector and mixes with the surrounding air. (7)  




breakup process in creating small droplets.  A general schematic of plain orifice atomizers is 
shown in Figure 4.  
 
 Lord Rayleigh first developed the fundamental theory to liquid jet breakup in simple orifice 
nozzles such as this and categorized the different breakup regimes for liquid jets exiting 
simple circular orifices (8).  In his experiments Rayleigh identified surface tension as the 
driving force behind liquid breakup at low flow rates such as the flows seen in Figure 5.  The 
surface tension force is the liquid’s tendency to maintain energy conservation.  When a liquid 
jet leaves a circular orifice, perturbations create disturbances in the liquid jet causing it to 
oscillate.  At the same time however, surface tension attempts to pull back on the liquid 
resulting in liquid breakups seen in (a) and (b).  Higher jet velocities in (c) and (d) are known 
as first and second wind induced sprays, where liquid turbulence and aerodynamic forces 
begin to have greater influence on the breakup of the liquid. (9) 
Figure 4: A simple orifice atomizer in which the kinetic energy of the liquid 
is the driving force behind the breakup 
P1 V 
Po 





Generally with plain orifice atomizers, fine atomization is achieved when the orifice diameter 
is made as small as possible and the flow rate is as high as possible. This however is 
considered impractical in most applications due to the increased likelihood of blocking the 
orifice with debris or particles when using small diameters, as well as limitations on how 
much pressure can be provided to the atomizer (10).  Therefore, other types of atomizers 
where developed in order to cope with the shortcomings of simple orifice atomizers.  Two of 
the more commonly used atomizers are discussed in the following section. 
Figure 5: Breakup regimes for plain orifice atomizers (a) Rayleigh breakup, (b) First 
wind induced, (c) Second Wind induced, (d) Full atomization (9) 
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1.2. Swirl Atomizers 
Swirl atomizers use internal tangential slot or plates to impose a centrifugal acceleration onto 
the liquid as it leaves through an annulus which causes breakup to occur more readily than in 
simple orifice atomizers.  Figure 6  shows some of the basic designs used in swirl atomizers. 
 
 
The centrifugal acceleration causes the spray to take on a hollow cone shape rather than the 
solid cone shapes seen in simple orifice atomizers.  In this matter, swirl atomizers are more 
efficient since the centrifugal acceleration causes the liquid sheet to breakup more readily 
than in simple orifice designs.  This means that less injection pressure is required to achieve 
the same level of atomization. The centrifugal acceleration in swirl atomizers also allows for 
better radial distribution than simple orifice atomizers. 
Figure 6: Common swirl atomizer designs (10) 
Courtesy of Hemisphere Publishing Corp. 
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The hollow cone spray is known to have a unique development when increasing liquid flow 
rates from zero and goes through several stages as shown in Figure 7.  The figure shows how 
the hollow cone spray first begins in the dribbling stage in (a) at very low pressures, where 
surface tension alone causes the liquid to neck and break up into a drop.   At higher injection 
pressures (i.e. higher flow rates) such as in (b), the liquid takes on a closed cone or onion like 
shape.  The tangential slots the impose a centrifugal acceleration onto the liquid causing it to 
spread out into a hollow cone shape; however the kinetic energy of the liquid is still not 
strong enough to overcome the surface tension forces that pull back on the liquid resulting in 
the onion like shape. In (c) the flow rate is further increased causing the liquid to take on a 
tulip shape where a clear liquid sheet is now visible, and perforated holes due to disturbances 
begin to appear.  At the final stage in Figure 7 (d), the increased kinetic energy of the spray 
begins to overcome the effects of surface tension where full atomization is achieved.  At this 
point the liquid sheet is experiencing wave instabilities caused by other factors that oppose 
surface tension.  These wave instabilities cause the liquid to breakup into small ligaments 
which then undergoes secondary atomization where spherical droplets are formed.   
The appearance of waves within the liquid sheet is the result of sheering caused by the 
difference in velocity, density, and other properties of the exiting fluid and the surrounding 
ambient fluid (i.e. gas).  This wave sheering effect is known as the Kelvin-Helmholtz 
Instability, and is a fundamental theory in determining liquid sheet breakup characteristics, 
which in turn also relates to droplet formation and their sizes (8) .  Recent work by Martottant 
and Villermau (11) showed that liquids under the influence of the Kelvin-Helmholtz 
instability produce waves whose wavelengths are controlled and proportional to the boundary 




One drawback to swirl atomizers is that their flow rate is dependent on the square root of the 
liquid’s injection differential pressure; therefore, a doubling of the flow rate would require 
four times higher injection pressures.  Another disadvantage to swirl atomizer is that they can 
cause soot formation and poor combustion quality since part of the spray is still intact in a 
liquid sheet (10).  One way to overcome this problem is by using other sources to assist in the 
breakup of the liquid sheet cone.  This then lead to the creation of the air-assist or air-blast 
atomizer. 
Figure 7: Swirl atomizer development as liquid flow rate is increased from (a) dribble stage, (b) 
onion stage, (c) tulip stage (d) fully developed spray 
10mm 10mm 
10mm 10mm 
(a)  (b)  
(c)  (d)  
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1.3. Air-blast atomizers 
The atomizers used in this study are referred to as air-blast atomizers because they are built 
to use high volume flow rates of gas to further assist in the breakup of liquids.  These nozzles 
should not be confused with air-assist atomizers although they do share many similarities.  
The main difference between an air-assist atomizer and an air-blast atomizer is that the latter 
uses far more gas flow to breakup liquids. Air-blast atomizers are extensively used in aircraft 
engines for the many advantages they have over other spray atomizers.  There are various 
subcategories of air-blast atomizers that use different configurations and methods of 
dispersion such as the ones displayed in Figure 8.  However, one commonly used type of air-
blast atomizer uses a similar liquid swirl atomizer configuration coupled with an air swirler 
to further assist in the breakup process. 
  
  
One of the defining advantages of air-blast atomizers is their ability to be used in high gas 
pressure environments.  This makes them ideal for aircraft gas turbine engines as these 
nozzles require vast amounts of air flow rate that is readily available and abundant. 
Generally, a portion of air is taken from the engine’s compressor and used to assist in the 
atomization of the fuel.  The air is then injected back into the combustion chamber with the 
fuel along with the original air from the compressor stage. In this case, the air is not 






considered to be wasted since it will be remixed in the combustion chamber before ignition.  
In addition, air-blast atomizers offer very fine sprays and much more thorough mixtures with 
air and fuel resulting in a highly efficient combustion, which in turn reduces soot and exhaust 
smoke (7). 
Some air-blast atomizers have geometrical designs similar to pressure swirl atomizers in 
which a hollow cone spray pattern appears when no air is being used to assist in the 
atomization. Figure 9 shows the swirl atomizer that was previously presented in Figure 7; 
however, air has been added to assist in the breakup process.  
 
The characteristics that cause the air-blast atomizer to take on these shapes are discussed in 
the following section of this study. In addition, tests on air-blast atomizer nozzles have 
shown volume distributions in which two peaks appear to correspond to the higher liquid 
Figure 9: The effect of using air on a swirl atomizer causes disturbances to the hollow 




concentrations near the edge of the spray that makes up the hollow cone structure.  Other 
tests have shown that once air is added to the swirl atomizer, the liquid distribution narrows 
and contracts. This characteristic will be addressed in the upcoming results section of this 
study (10). 
1.4. Spray Characteristics  
The atomization process in gas turbine engines is achieved by injecting liquid fuel into a thin 
sheet where instabilities are induced to promote breaking the liquid into smaller droplets.  
Sheet spraying may be achieved through specially shaped passages, injection through narrow 
slots, spreading over metal plates, and other methods.  In either case, the end result is to 
distribute the liquid fuel into the combustion zone in a controlled manner.  Therefore, it is 
necessary to study and understand the key spray characteristics that define gas turbine fuel 
spray nozzles. 
Sheet Breakup 
Certain types of spray nozzles inject liquid into the ambient environment by imposing a 
centrifugal acceleration onto the liquid causing the spray to take on the shape of a thin 
hollow cone sheet.  The liquid sheets themselves disintegrate into ligaments which turn into 
smaller droplets, and there are three main types of sheet breakups that have been studied.  
The three types of sheet disintegration are rim, perforated, and wave sheets. 
In rim breakup, surface tension forces cause the liquid at the edge of the sheet to contract into 
a thick rim which then breaks up in a manner similar to what was seen in Rayleigh’s 
experiments.  This type of sheet breakup is associated with liquids that have high viscosities 
and surface tensions and result in large droplets followed by smaller satellite droplets.  In 
13 
 
perforated mode, holes begin to appear within the sheet itself where the holes expand rapidly 
and coalesce with other holes resulting in ligament breakup and drops of varying sizes such 
as what was seen earlier in Figure 7 (c).  In wave mode, the instability of the liquid sheet 
itself causes it to oscillate in which breakup may occur at half or full wavelengths similar to 
what was seen in Figure 7 (d).  The wave is partially the result of surface tension forces 
causing the liquid to contract rapidly; however other factors may even include disturbances 
such as the ambient gas environment or even turbulence within the liquid itself. The 
combination of all these sources of instability are studied and referred to as the Kevin-
Helmholtz instability (12). Furthermore, one characteristic of wave breakup is that the drop 
size distribution tends to vary due to the instability of the waves.   
Mean Drop Size & Distribution 
In gas turbine engines it is important to calculate the evaporation rates of atomizers as part of 
determining atomizer performance.  In order to do so, it is necessary to obtain droplet 
diameters which are statistically determined by taking significant sample measurements of 
data and obtaining an overall mean diameter size.  One such statistical parameter that is 
widely used in sprays is the Sauter Mean Diameter (SMD).  The SMD is calculated as the 
diameter of a drop having the same volume to surface ratio as the entire spray itself as 








   1 
Diameter measurements can be achieved using non-intrusive methods such as Phase Doppler 
Particle Analyzers (PDPA) that uses laser beams and the concept of phase Doppler shifts to 
determine the size of a droplet passing through the beam at localized points within the spray.  
The details of PDPA are discussed later in the experimental setup.  Another important 
parameter in atomizers is to know the extent at which sprays disperse liquids.  The advantage 
of good dispersion is that it allows for better mixing of fuels with the surrounding gas which 
in turn lead to better evaporation rates. In addition to mean droplet size; spray angle and 
penetration also govern the liquid dispersion. 
Penetration 
Penetration is defined as the maximum distance a spray reaches when injected into still air.  
The two primary forces responsible for penetration are the kinetic energy of the spray itself 
and the aerodynamic forces of the surrounding gas.  Knowing the penetration depth of a 
spray is very important especially when using relatively small combustion chambers.  
Excessive penetration would cause fuel to deposit onto the chamber walls resulting in 
inadequate and incomplete burning of the fuel (10).  
In most cases, the initial velocity of the spray is high and the trajectory of the droplets is 
dictated by their own momentum.  However, the velocity magnitude of the spray and its 
droplets quickly begin dissipating due frictional losses with the surrounding gas.  Once the 
droplets lose their kinetic energy their trajectory is then governed by the movement of the 




As mentioned earlier, dispersion is an important characteristic of spray atomizers and 
knowing the spray cone angle of an atomizer further enhances one’s understanding of 
dispersion. They are also of particular importance in combustion chambers as they have 
strong influences on pollutant emissions.  There is no set standard for measuring spray cone 
angles as there are difficulties in determining the boundaries of the spray.  Many atomizers 
also have liquid sheets that are curved and unstable rather than straight and most practical 
application of atomizers operate under high pressure and momentum causing the atomization 
of the liquid to occur almost instantly resulting in a silhouette of liquid droplets with no 
clearly defined boundaries.  For this study shadowgraph photography is used to capture still 
images of the spray angle.  The details of this method are explained later in the experimental 
setup. 
Patternation 
Patternation is another parameter linked to a spray nozzle’s ability to disperse liquid.  In this 
case, the symmetry of the cross sectional spray pattern itself is of importance.  Clogged or 
malfunction sprays can lead to poor performance in sprays.  In turbine combustors, 
symmetric sprays are important because uniformly distributed fuel can have a direct effect in 
obtaining high efficiencies, reduced pollutant and longer turbine blade life (13) (14) (15). More 
importantly, patternation is used to give researches a visual understanding of the spray’s 
cross sectional profile.  Methods of determining spray patterns include mechanical and 




The objective of this study is to conduct an experimental analysis on two types of air-blast 
atomizers used in aircraft gas turbine engine.  One is a standard hollow cone air-blast 
atomizer and the other is a hollow elliptical atomizer.  The study uses tools and methods such 
as Shadowgraph, Optical patternation, PIV, and PDPA to characterize and compare both 
nozzles in order to asses the performance of the elliptical spray the commonly used conical 
spray. The outline of this study is as follows  
• Chapter 2 discusses the equipment and operating conditions used in this study.  
An overview of the nozzles used and their differences are discussed.  The 
chapter also covers details on the experimental methods used in this study.  
Details on their conceptual use and how they are implemented in this study 
are discussed.  The methods include Shadowgraph, Optical Patternation, 
Phase Doppler Particle Analyzer (PDPA), and Particle Image Velocimetry 
(PIV).  
• In Chapter 3, validation of the experimental methods and results are 
discussed.  Information on possible sources of error is addressed along with 
methods of reducing and eliminating error is described. 
• Chapter 4 presents the experimental results of both nozzles.  First, data from 
the conical spray nozzle is presented as a benchmark to compare with the 
elliptical nozzle.  The data is presented in the same order used in Chapter 2.  
The elliptical spray results are also presented in a similar manner.  The 
chapter ends with a one-to-one direct comparison of the spray nozzles where 
results will show that the elliptical spray exhibits better atomization quality 
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through improved distribution of the spray flow; whereas, the conical spray 
exhibits better penetration. 
• In Chapter 5, a summary of the works conducted for this study and 
conclusions on the obtained results are discussed.  The chapter will also 
discuss suggestions for future works and methods that may help improve the 




2. Experimental Setup 
2.1. Nozzle Apparatus & Tools 
The approach taken for this study looks at comparing two different air-blast swirl atomizers.  
The first nozzle is a standard air-blast atomizer that is commonly used in gas turbine engines.  
Both the liquid and air make use of internal slots to impose centrifugal accelerations on the 
fluids resulting in a hollow cone spray.  The purpose of testing the nozzle is to gather 
experimental data that may be used as a benchmark to compare its performance with other 
experimental nozzles, and is therefore referred to as the “conical” nozzle.  The second nozzle 
is an asymmetric nozzle designed to offer greater distribution in one direction than the other 
and is referred to as the elliptical nozzle. The elliptical nozzle is referred to it as such because 
it is an air-blast atomizer that also sprays in a hollow cone profile; however, this nozzle 
incorporates a different design feature where the air injector used to assist in the atomization 
of the liquid forces the spray to take on more of a hollow elliptical pattern rather than a 
typical hollow circular pattern.  The ability to control the spray’s distribution is due to the 
unique air holes that cause the hollow cone nozzle to contract in one direction while increase 
in the other. Due to the proprietary nature of the work, details on the nozzle designs 
themselves are withheld.  Nevertheless, Figure 10 shows a simple schematic representation 






Figure 10: Schematic representation of asymmetric nozzle showing the effect air 
has on the cross sectional spray pattern 
Circular Air Swirler 
Elliptical Air Profiler 






(b) Elliptical Nozzle 
(a) Conical Nozzle 










As mentioned earlier, the liquid of the elliptical nozzle exits the nozzle via tangential swirlers 
that are located within the nozzle’s structure through an annulus orifice that has a hydraulic 
diameter Do = 5.7mm.  The air exit is also composed of two sections.  One section is an air 
annulus exit designed to cause a tangential swirl to the air itself as it exists the nozzle and is 
referred to as the gas swirler.  The other air injection section known as the profiler is the 
primary driving force behind the nozzle’s elliptical pattern.  Perforated holes are strategically 
placed so that the air imposes an aerodynamic force on the liquid spray that causes it to 
contract in one axis and expand in another axis, resulting in a hollow ellipse with a major and 
minor axis.  The types of fluids used in this study and their respective properties and 
operating conditions are discussed in following section. 
 
2.2. Fluid Operating Parameters and Properties 
The testing fluids used were distilled water as the primary liquid source and air supplied 
externally to the laboratory through the building’s air supply system where it is brought to 
ambient conditions. Table 1 shows the general properties of both fluids used in the 
experiments. 
Table 1: Testing fluid properties for air and water 
 Distilled Water Air 
T  (˚C) 20 20 
ρ (kg/m3) 998 1.20 
µ (N.s/m2) 1.002 ×10-3 1.98 ×10-5 




With most air blast atomizers it is the air that plays a dominant role in determining the 
performance and behavior of the spray profile.  Therefore, both nozzles were operated at 
constant liquid flow rates of 30.5 lb/hr of distilled water and had the air flow varied 
according to the volume flow rate measured in the system.  The air flow is varied from 0 to 
16 ft3/min of air which is the nominal design condition for the conical nozzle.  The variation 
of air flow is tabulated and converted to a mass based gas-to-liquid ratio (𝐺𝐺𝐺𝐺𝐺𝐺 = 𝑚𝑚𝑔𝑔̇ ?̇?𝑚𝑙𝑙⁄ ) in 
Table 2.  Details on the flow metering devices are shown in Appendix A.  In the following 
section, experimental methods used to analyze the sprays are discussed. 
Air Flow Rate 
(SCFM) 
No Air 5 10 16 
GLR 0 0.75 1.47 2.35 
Table 2: List of various air flow rates used to test both baseline and asymmetric nozzles 
 
2.3. Shadowgraph 
Shadowgraph is a background illuminating photographic method used to capture detailed 
images of spray flows that reveal more detail than conventional photography.  In most cases, 
the spray flow is moving at velocities that are far too great to capture in conventional camera 
setup because the continuous ambient light illumination results in blurred or streaked images.  
To overcome this effect, an image is taken by illuminating the background with a 
stroboscopic light source that is synchronized to the camera’s capture settings.  In this study, 
the strobe light source is high repetition rate (14.5 Hz) Nd:YAG laser.  The laser light flashes 
onto a light diffuser as presented in the schematic of Figure 11.   The laser’s optics is 
modified to emit a laser cone.  The laser cone shape is created by having two cylindrical 
lenses placed behind each other while having their longitudes at 90° angles.  Normally, a 
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single cylindrical lens is used to collimate light into a sheet which may be horizontal or 
vertical.  On the other hand, placing two cylindrical lenses back to back while keeping their 
longitudinal axis at 90° would cause light to collimate in both directions creating a diffused 
laser cone. 
 
The laser cone illuminates the background and gives a sharply contrasted image of the spray 
revealing details such as wave instabilities, ligaments, and droplets that are not seen by the 
naked eye. Figure 12 is a sample shadowgraph image of the conical spray that will be 






Light diffuser (velum paper) 
Lens cone optic 
Light cone 





2.4. Optical Patternation 
Optical patternation is a laser based photographic method used to obtain horizontal cross 
sectional images of spray patterns.  Optical patternation is considered as a non-intrusive form 
of mechanical patternation where spray distribution patterns are determined by the volume of 
liquid accumulated in tubes placed at specified heights below the spray nozzle. The 
development of optical patternation came as a result of the disadvantages of mechanical 
patternation.  First, mechanical patternation is intrusive since the accumulating tubes are 
directly obstructing the spray flow’s natural path and would alter the intended spray flow 
pattern.  The second disadvantage of mechanical patternation is the lack of spatial resolution 
where the size of the accumulating tubes may not yield enough information about liquid 
concentrations with sufficient detail. 
10mm 
Figure 12: A sample shadowgraph of the conical spray 
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Optical patternation on the other hand is considered to be non-intrusive and posses good 
spatial resolution.  The reason for these advantages is because optical patternation uses mie-
scattering laser light to illuminate the cross-sectional spray pattern without interfering in the 
natural flow of the spray.  Over the years, several works have used optical patternation as a 
reliable method in evaluating spray performance and characteristics (16) (15) (17). 
Figure 13 shows how the optical patternation system is set up. The PIV’s YAG laser has its 
optics setup to fire a horizontal laser sheet.  Any liquid from the spray that intersects the laser 
sheet is illuminated and captured by a CCD camera.  The CCD camera is oriented at an angle 
since capturing images from the top or bottom is not practical due to the visual obstruction of 
the nozzle and testing apparatus.   Naturally, any images captured at an angle will be 
distorted; therefore, a de-warping algorithm that corrects the distortion caused by the angular 
placement of the camera is used.  A sample image of circular spray profile is shown in Figure 
14 (a) taken at an angle of approximately 45°.  Note that capturing the image at such an angle 
causes the image to distort and appear elliptical.  However, once the de-warping algorithm is 
implemented, the image is corrected and shows the true spray pattern to be circular as in 






2.5. Particle Image Velocimetry 
Particle Image Velocimetry is a non-intrusive laser diagnostic technique used to obtain 
vector velocity information of fluid flows in a 2-D or 3-D viewing fields.  The PIV system 
was first developed in the early 1980s and has become an indispensible tool for 
Figure 14: A sample patternation image showing the cross sectional spray pattern (a) 
before dewarping, (b) after dewarping 
(a) (b) 
Figure 13: General setup of on optical patternation capture (a) Camera directed towards 
spray at an arbitrary angle, (b) cross sectional spray pattern illuminated by laser light 
26 
 
experimentally analyzing many types of fluid flow experiments. They are also sometime 
used to validate and improve on numerical simulations of fluids flows (18). 
The general PIV system setup used in this study for capturing droplet velocities of the spray 
flow is illustrated in Figure 15.  The 2D PIV system is made up of an Nd:YAG laser, a CCD 
camera, pulse synchronizer, and a PC for processing PIV data.  Details on the equipment and 
components used to setup the PIV system are listed in Appendix B.    
 
 
The PIV system’s fundamental concept involves capturing two successive images using a 
CCD camera and high power YAG laser.  The illustration of Figure 16 shows an example of 
the velocity of droplets determined by the PIV’s algorithm.  The camera and laser are 
controlled via a synchronizer that controls the timing of when the laser and camera are 




Nd: YAG Laser 
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triggered.  At first the laser fires a single pulse at t0 to illuminate the droplets within the flow. 
A short time later (in the order of a few microseconds), the camera opens for a short duration 
as shown in its iris to capture the first image of the flow (frame A).  A second pulse of laser 
light is pulsed at t0+∆t and again the camera opens its iris to capture the second image of the 
flow (Frame B).  In all, only a few milliseconds have passed and two images have been 
captured.  
 
These images are stored in the computer’s memory and referred to as frame A and frame B 
for the first and second image, respectively. Each frame is divided into cells known as 
interrogation regions.  The frames are then processed as digital signals whereby the 
illuminated droplets are displayed in their respective greyscale intensities.  
Figure 16: (a) an illustration showing how PIV uses a cross correlation method to determine 
droplet velocities, (b) a sample timing diagram used to synchronize the camera and laser 





















The light intensities in Figure 17 shows how the droplets are interpreted as a Gaussian light 
signal where the FFT cross correlation algorithm creates a signal peak that identifies 
common particle displacements.  This calculation is then carried out and repeated in cells 
within the rest of the image to obtain a 2-D velocity profile of the flow thereby giving a 
visual representation of the particle’s speed and trajectory.  The image of Figure 18 shows a 
sample spray flow image captured by the PIV system and processed to show the velocity of 
the spray flow.  The details on the algorithm and methods used for validating the PIV results 
are described in Chapter 3 as part of the data validation. 
Figure 17: The PIV's Cross-correlation creates signal peak 






The PIV settings used in this study are varied according to the flow rate.  Changes were 
made to the camera aperture setting, laser power, and time sequence depending on the 
experiment and are tabulated in Table 3. 
Table 3: Setup of the PIV system 
GLR Setting 0 0.75 1.47 2.35 
∆ t  (µs) 80 60 40 20 
Lens Focal Length (mm) 50 50 50 50 
Lens Aperture (F#) 8 11 11 16 
Camera Distance (mm) 890 890 890 890 
Grid Size 32x32 32x32 32X32 32x32 
Spatial Resolution (mm) 2.8x2.8 2.8x2.8 2.8x2.8 2.8x2.8 
 
In addition, several rules of thumbs are implemented to ensure accurate and precise 
measurement of the flow in question.  First, the size of the interrogation regions (i.e. cells) is 
set to as small a size as possible in order to capture detailed flow displacements such as areas 
Figure 18: A sample PIV post processed image showing the instantaneous velocity profile 
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of vortices, and recirculating flow.  There is however a limit to the size of the cells.  Size 
reduction of cells may cause some cells to have very few seed particles (i.e. droplets) that 
would create difficulty in obtaining valid correlations.  Several works have suggested using 
cell sizes that ensure at least 5-10 or more particles are present in the cells (19).  For this study 
cell size of 32X32 pixels (2.8X2.8mm) was used in all PIV images. 
Another important setting is the time step ∆t which is crucial in ensuring correct velocity 
estimates.  If a relatively short time is selected then this would falsely estimate lower velocity 
magnitudes.  Selecting too large a time step on the other hand would cause the PIV’s 
correlation algorithm to lose track of the particles moving through the interrogation region 
and may even allow for out of plane particles to pass through the illuminated region.  Studies 
into proper time step selection suggest that tracer particles in the area of highest velocity 
gradients should travel approximately ¼ of the interrogation region.  For example, if a 32x32 
cell is used then a time step should be selected to ensure that the particles only displace by 
approximately 8 pixels (20).  The time steps used for this study are presented in Table 3. 
 
2.6. Phase Doppler Particle Analyzer 
Phase Doppler Particle Analyzer (PDPA) is also a non-intrusive laser diagnostic tool that 
uses the fundamentals of the Doppler Effect to determine the velocity and size of droplets 
(particles).  The origin of the PDPA system is evolved from of Laser Doppler Velocimetry 
(LDV).  The only difference between LDV and PDPA systems is that the latter has the ability 
to determine both the velocity and diameter of the droplets being measured; whereas LDV 
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can only measure droplet (particle) velocity.  PDPA systems are also sometimes referred to 
as Phase Doppler Anemometry (PDA). 
The general setup for the PDPA system is shown in Figure 19 and is made up of several 
components.  The laser transmitter and receiver make up the optical components, and a signal 
processor and standard personal computer to analyze and display the measured data.   The 
PDPA is considered an Eularian system where the system focuses on a specific point in space 
and measures any particles that move through its point of interest (converging laser beams).  
Therefore, the PDPA is coupled with a programmable 3-Axis traverse that scans regions of 
the spray giving the PDPA a minimum spatial resolution of 0.125mm where accuracy and 
repeatability are enhanced.  
 
 









In its simplest form, PDPA/LDV transmitter uses monochromatic coherent laser light for the 
data measurements.  Essentially, two laser beams are emitted from the laser transmitter 
where the beams converge onto a single point known as the Probe Volume.  This volume of 
converged laser light creates a zone of light and dark lines known as the fringe pattern.  A 
light sensitive receiver made of Photomultiplier Tubes (PMT) is positioned normal to the 
plane of the fringe pattern in order to detect reflections or refractions of any particle passing 
through the probe volume.  The reflected signal is processed using a multibit digital 
processor that converts the light signal into a digital signal before being displayed as velocity 
and size data on a computer processor. 
In Figure 20 the fringe pattern is calibrated so that the light rays posses a specific wavelength 
λ which is on the order of a few nanometers.  The PDPA’s processor measures the time it 
takes for a particle to pass through the probe volume by detecting the pulse of light 
reflections when the particle passes through.  Since both the time and distance are known, 
then it is possible to determine the velocity of the particle that passed through. 
 
Figure 20: A schematic depicting a droplet passing through the PDPA’s fringe pattern.  Knowing the 















The diameter measurement of the PDPA is done differently.  The diameter is determined 
based on the phase angle of the received light signal.  The illustration of Figure 21 shows an 
exaggerated example of a large and small droplet sending refracted laser light to the receiver.  
The receiver is made up of three PMT face plates.  The plates are placed at specific distances 
from each other where each plate will detect the refracted light at a slightly different angle.  
In the first example, a large droplet passes through causing the laser light to deviate from its 
original path.  Notice in Figure 21 (a) that a large droplet has shallow curvature causing the 
angle between each ray to deviate slightly.  On the other hand, the smaller droplet in Figure 
21 (b) has a very sharp curvature that causes the rays to deviate substantially.  The difference 
in their angle is known as the phase angle and the face plates detect the degree of shift in 
phase angle in order to determine how large or small a droplet is.  The properties of the laser 
settings used for this experiment is presented in. 
As mentioned earlier, the PDPA is a point-wise measuring system that can only investigate a 
small point in space at a time.  The 3-Axis traverse is used to scan both spray nozzles in 
increments of 2.5mm, where the conical spray is scanned across one axis (assuming 
axisymmetric spray), and the elliptical spray is scanned in the major and minor axes as 







Figure 21: Determination of droplet diameter of PDPA systems using radius of curvature 









(a) Large droplet with less curvature results in less phase angle difference 
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Table 4: Laser beam properties of PDPA system 
 Channel 1 (Green Laser) Channel 2 (Blue Laser) 
Laser Power (mW) 500 
Transmitter Focal Length (mm) 512 
Max Diameter Difference 7% 
Beam Expander (ratio) 1.0 1.0 
PMT Voltage (V) 525 525 
Max Number of Samples 10,000 10,000 
Band Pass Filter (MHz) 2-20 1-10 
Downmix Freq (MHz) 38 37 
Time Out (s) 30 30 
Burst Threshold (mV) 200-300 200-300 
Wavelength (nm) 514.15 488 
Focal Length (mm) 512 512 
Laser Beam Diameter (mm) 2.65 2.65 
Fringe Spacing (µm) 3.7441 3.7441 
Beam Waist (µm) 84.93 80.55 
Bragg Cell Frequency (MHz) 40 40 
Scattering Mode Refraction 
Polarization Normal to beam 
Scattering Off Axis Angle (deg) 60 





Figure 22: An illustration of the PDPA's scanning path for (a) Conical spray (b) Elliptical spray 
 
Top View of Spray 
(a) Conical spray 
(b) Elliptical spray 
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3. Validation of Results 
3.1. PDPA Validation 
The PDPA is an accurate and precise point-wise measurement; however it is subject to errors 
that need to be taken into consideration.  The errors associated with the PDPA are both 
random and biased; however, bias errors tend to have a greater influence on the outcome of 
the results.  One of the factors that affect the accuracy of the PDPA results is in PMT 
Voltage.  PMT voltage is the signal setting used to determine the receiver’s sensitivity to 
light signals.  Generally, for a given spray, a high PMT voltage setting will cause the PDPA 
to become more sensitive to light from smaller droplets.  This indicates that mean diameter 
measurements such as SMD are dependent on PMT settings.  However, a certain method was 
taken to ensure that the measured mean diameters are made independent of PMT setting. 
In order to determine the proper PMT setting required for this study, the PDPA laser had to 
be directed at the densest and most complex region in the spray to measure.  Therefore, the 
conical spray running under its nominal operating conditions (GLR 2.35) was used.  A height 
of 12.7mm distance from the nozzle’s exit was chosen because it was the densest and most 
complex region to measure in the spray.  
Figure 23 shows a plot of the PMT voltage signal versus the mean diameter (D10) measured 
by the PDPA. The PMT voltage was first set to its default setting of 375 V and the mean was 
measured.  The measurement is repeated by incrementally increasing the PMT voltage signal 
(increments of 25 V) resulting in smaller D10 measurements.  The decrease in mean diameter 
continued until a point was reached where any increase in PMT voltage resulted in no change 
in diameter.  Therefore the test showed independence from PMT voltages was achieved at 
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525V and was selected as the nominal PMT setting for all experiments carried out in this 
study (21) (22) (23). 
 
Figure 23: Droplet diameter in PDPA systems are dependent on the PMT settings used.  Therefore, the 
PMT voltage signal is increased until no change in mean diameters is noticed 
One of the characteristics in PDPA operations is that the fringe pattern of the converging 
laser beams takes on a Gaussian distribution where the light beams are somewhat thicker in 
the center and thinner at the outer edge.  This in turn indicates that good strong reliable 
signals can only be picked up when passing through the center of the fringe pattern.  The 
issue that arises in many spray applications is that larger droplets may be passing at the outer 
edge of the fringe pattern, and although signal detection is weak, large droplets tend to reflect 
stronger signals than smaller droplets passing through the center.  This ends up causing a bias 
error in which large droplets are being detected even though they are not part of the flow 
passing through the point of interest resulting in larger mean diameters that are incorrect.  
















further increasing the error in diameter measurements in the PDPA. A criterion for filtering 
out unwanted bias from larger droplets known as Intensity Validation was used. 
The intensity validation method establishes a criterion for selecting cut-off lines in which 
data beyond a certain limit are rejected and not taken into consideration as part of the mean.  
For example, Figure 24 shows an extracted image from the PDPA’s software showing a plot 
of all the data detected by the system for a single point within the spray.  The graph plots the 
individual diameter measurements of the droplets that passed through versus their respective 
intensity signal in mV.  Notice in Figure 24 that there is a cluster of data that naturally 
corners itself within a certain average size, and that the data creates a natural parabolic curve.  
The concentrated cluster of droplets is the droplets that passed directly through the center of 
the fringe pattern.  However, there is also some scattered data of larger droplets that passed 
through the outer edge of the fringe pattern with faint intensity signals that were also picked 
up.  The user is required to set the curves in such a way as to isolate the natural tendency of 
the data to lie within a certain diameter range and reject larger diameters.  In this example, 
the SMD when not using intensity validation was taken to be 30.04µm; however, once 
intensity validation was implemented the SMD was estimated to be 24.19µm resulting in a 
19.47% difference in Sauter mean diameter. 
Intensity validation in PDPA measurements requires great emphasis since this type of data 
validation will not only affect droplet diameter measurements but other parameters such as 




Schwarzkopf et al. (24) carried out PDPA tests on pressure swirl atomizer using a similar 
intensity validation method.  The tests showed that intensity validation not only improved 
droplet diameter measurements but that volume flow rate estimated from volume flux data 
also improved.  However, the work carried out by Schwarzkopf et al. showed that the best 
possible flux measurements were only within 30% of the actual volume flow rate.  The cause 
for the large inaccuracy was due to the increased amount of uncertainty inherit in volume 
flux measurements because volume flux is estimated based on other inputs which have their 
own uncertainty (24). 
Another important aspect in validating data is related to diameter-velocity bias.  Some sprays 
have characteristics in which a faint mist occupies the spray region apart from the larger core 
of the spray.  The mist usually has droplet diameters that are significantly smaller than the 
mean diameter of the flow in question.  The smaller mist droplets tend to float or remain 
Figure 24: Example of good intensity validation where the cluster of data creates a natural curve 
and larger data seems to be spread further out resulting in their rejection 
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stationary in the ambient environment and do not contribute significantly to the overall 
behavior and performance of the spray.  Nevertheless, these fine mist droplets may 
sometimes be detected by the PDPA system and bias the results. Figure 25 shows the 
PDPA’s software plotting the data according to their respective velocities and diameters.  In 
this case, the data shows that the majority of the droplets create a normal distribution where 
the mean velocity is approximately 15m/s.  
 
On the other hand, Figure 26 shows a scan from the elliptical spray where two velocity peaks 
were detected.  In this case, a smaller peak corresponded to smaller diameters that hovered 
near lower velocity magnitudes.  This in turn caused the PDPA to underestimate the mean 
velocity of the flow.  For example, isolating and eliminating the slower droplets gave a mean 
velocity of 9.2 m/s, whereas a mean velocity of 2.5 m/s was measured when taking in all the 
Figure 25: A graph plotting the droplet velocity VS diameter in an ideal spray where velocities 





data. The difference in velocity means corresponded to a 27.72% difference.  Therefore, 
elimination of the slow flowing droplets was  necessary in order to correct for the bias 
towards slower moving droplets but it was also important to determine if the droplets where 
representative of the overall flow or not.  By inspecting smaller slower droplets, the volume 
flux was estimated to be 0.0004 cm3/cm2.s and the total volume flux was estimated at 0.0190 
cm3/cm2.s.  This meant that the slower droplets represented only 2% of the total flow of data 
detected by the PDPA and should therefore be neglected as the slower droplets did not 
represent a significant volume of the overall flow. 
 
Throughout this study, the conical spray showed no signs of double velocity peaks. On the 
other hand, the elliptical spray did have some areas of double velocity peaks where smaller 
droplets were drifting at magnitudes ranging 0-5 m/s.  The PDPA is capable of isolating and 
eliminating such velocity bias; however no attempt was made to correct for this bias.  No 
Smaller slower droplets will 
bias the mean velocity  
Figure 26: A sample plot from the elliptical spray showing evidence of a mist of droplet hovering 
in mid air since their velocity is nearly 0 m/s 
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attempt was made because each point measured by the PDPA system showed double velocity 
peaks at different ranges of magnitudes, making it impractical to apply a uniform filtering 
scheme onto the data due to the sheer number of data points taken.  This method so far has 
addressed issues regarding the spray characteristic itself; however, other factors such as 
changes in operating conditions also contributed to the overall error in PDPA measurements. 
In some cases the sudden change in flow operating conditions may have altered the data.  
The consequence of a change in flow condition would be that the diameter and velocity of 
the droplets would also suddenly change leading to erroneous data being captured.  A 
criterion is setup so that the PDPA system rejects any droplet whose diameter exceeds 7% of 
the recorded mean diameter. The diameter difference plot may also serve as an indicator to 
how wide spread the diameter measurements are.  In this case, the diameter difference in 
Figure 27 (a) is fairly small which indicates a narrow distribution in droplet diameters.  In 
other cases such as in Figure 27 (b), the diameter difference plot showed sudden changes in 
the flow of the spray caused by air flow fluctuations from the lab’s own air supply.  In this 




3.2. PIV Validation 
The overall measurement accuracy in PIV is dependent on a combination of several factors 
that contribute to the total error in PIV.  Therefore, it is difficult to isolate individual source 
of errors, however, there are several methods that can help reduce the overall error that help 
improve the accuracy of a PIV analysis.  In addition, several rules of thumbs must be 
implemented in order to ensure that the resulting PIV data is a valid representation of the 
flow. 
One of the issues encountered with analyzing PIV images stems from background noise.  In 
many cases, the noise constitutes a major source of error that if not taken into consideration 
can greatly affect the accuracy of a PIV analysis.  Noise error in PIV images appear as faint 
low intensity particles that create low frequency peaks in the peak correlation.  Some of the 
noise within a PIV image can be the result of electronic noise coming from the PIV 
equipment such as the camera; however, the majority of the noise is background illumination 
caused by secondary reflection of the PIV’s laser light onto reflective surfaces.  This 
Figure 27: The diameter difference plot shows how wide the data distribution is where in (a) the data is fairly 





secondary reflection can cause faint images of the background environment to appear which 
in turn weakens the peak correlation detection in the PIV.  
One method of eliminating background noise is through the Background Subtraction method.  
This method is used to eliminate background noise caused by secondary light reflection.  
Figure 28 shows sample raw PIV images of the conical spray in various stages of the 
background subtraction process. Figure 28 (a) is a sample of what a PIV image would look 
like if no noise removal processing was implanted.  The procedure itself requires that several 
images (up to 100) be taken of the experiment without using seed particles (spray droplets) 
such as in Figure 28 (b).  The processor then computes the average intensity of each image 
and creates a new image in which the total average intensity of all the images is placed onto 
one image.  The background image is then subtracted from the actual experimental images 
that contain the spray flow which output a cleaner and more contrasted image making it 
easier for the processor to detect valid peaks such as the image in Figure 28 (c). Of course, 
not all noise has been removed from the image and other sources of error such as error in the 
correlation algorithm itself are also present.  Therefore, further post-processing validation is 




One of the post-processing validation methods used is median validation.  The median 
validation looks to remove spurious vectors that arise as the result of errors in the correlation 
or noise.  The validation scheme looks at individual vectors and compares them to 
neighboring vectors by ranking velocity magnitudes and removing spurious vectors. For 
example, a set of vector magnitudes of 3.5, 4, 5, 3.2, and 25 has mean value of 8.14.  
However, note that 25 is a significantly higher magnitude that most likely corresponds to a 
spurious vector.  Median validation would eliminate values that differ dramatically from the 
other vectors resulting in a more reasonable mean value of 3.9 (25).    The neighborhood size 
can be set by the user; however, care must be taken in the selection of neighborhood size.  
For example, a neighborhood size of 3x3 (compares vectors within 3 cells) may not be a 
Figure 28: Implementing background subtraction reduces the effect of background noise caused by 
reflective surfaces. In (a) the raw image shows the spray along companied by the background, (b) 





sufficient enough validation to eliminate spurious vectors when compared to a 5x5 or 7x7 
neighborhood size.   
One of the sources for spurious vectors in this study stems from laser light reflection of the 
spray nozzle’s surface and face plate.  These reflections cause may result in false signal 
detection that ends up being treated as a high velocity gradient. For example, Figure 29 is a 
spray flow generated by the elliptical nozzle at a GLR of 1.47.   Notice that in Figure 29 (a) 
there is an area of moderate velocity gradients.  In reality, there is no flow of droplets in that 
region and only reflections from the face plate are picked up by the PIV algorithm.  In the 
case of Figure 29 (a), a 3x3 median validation was implemented to reduce the appearance of 
falsely detected data; however that was not as sufficient as a 7x7 median validation such as 
in Figure 29 (b) were the saturation is reduced.   This study selected a 7x7 neighborhood size 
since smaller neighborhood sizes had no effect on the results.  In addition, larger 
neighborhood sizes were avoided in order to prevent over processing data that would remove 
a significant portion of valid vectors.  For this study, a median validation of 7x7 with 






Figure 29: Velocity profiles of the elliptical spray comparing the difference between post processing and no post 
processing (a) Velocity profile with no post processing validation, (b) Velocity profile with a 7X7 median validation 




The results of the conical spray are first presented to establish a benchmark in order to 
compare the performance and behavior of the spray flow with the elliptical nozzle.  Data 
from both nozzles are presented individually to see how they perform at different air flow 
conditions.  The nozzles are then compared against each other to see what changes between 
both nozzles are observed. 
4.1. Conical Nozzle 
4.1.1. Conical Shadowgraph 
The conical spray is run with water at a flow rate of 30.5 lb/hr.  Figure 30 shows that the 
nozzle exhibited wave instabilities that were due to the combination surface tension, 
viscosity, and inertia of the liquid as well as properties of the surrounding gas.  
 
 
Figure 30: Shadowgraph of the conical spray at a GLR of 0. (a) No Air spray profile with a spray angle of 100° 








The following shadowgraph image of Figure 31 shows the conical spray operating at a GLR 
of 0.75 in which some air was supplied to assist in the breakup of the spray.  In this setting 
the spray still retains a liquid sheet near the nozzle exit; however, it is evident that the 
aerodynamic forces have changed the spray flow significantly.  The spray cone angle has 
now contracted to 70° ±5°, the liquid sheet is more turbulent, and the wavelengths are also 
shorter with more perforated holes appearing in the sheet. 
 
In Figure 32, the air flow is increased to obtain a GLR of 1.47.  Note that there was no major 
change in spray cone angle; however, the image appeared to show signs of increased 
turbulence in the structure of the spray with more numerous perforated holes appearing in the 
sheet. 





At a GLR of 2.35, the atomizer was running at its nominal setting as shown in Figure 33.   
Here, one can clearly see the change in spray cone angle where the bulk of droplets has 
contracted to define an angle of approximately 40° ±5°.  Again, there was no significant 
change in the liquid sheet core other than an indication of a more turbulent sheet leaving the 
nozzle.  The lack of change in liquid sheet breakup suggests that the air used to assist in the 
droplet breakup did not have a substantial effect on the water just as it left the nozzle.  This 
introduced the possibility that parameters such as droplet diameters and their velocities were 
not exposed to the effects of the atomizing air until slightly further downstream from the 
nozzle.   Also, the contraction of the spray cone angle showed an increase in droplet 
concentrations in the center of the spray that used to be relatively empty in previous settings. 
Tests using the Patternation, PIV, and PDPA will elaborate on this phenomenon in their 
respective sections. 
10mm 




4.1.2. Conical Optical Patternation 
The optical patternation images in Figure 34 showed cross sectional spray patterns of the 
conical spray taken at an axial distance of 12.7mm from the nozzle’s exit at GLRs of 0, 0.75, 
1.47, and 2.35.  Initially, at a GLR of 0 the spray starts off as a simple hollow cone spray.  
Notice that the distribution was mainly focused around the periphery of the spray confirming 
the doughnut shaped pattern expected from a hollow cone swirl atomizer.    Further increases 
in GLR resulted in a narrowing hollow cone spray as shown in Figure 34 (b), where at a GLR 
of 1.47 the hollow region is now filled with smaller droplets.   On the other hand by 
increasing to a GLR of 2.35, the spray pattern appears as a solid cone spray and further 
reduced in size resulting in a more uniform droplet distribution.  
Figure 33: Shadowgraph of baseline nozzle at GLR 2.35 






Patternation images at locations of 38.1mm (1.5in) in Figure 35 showed a similar repeating 
trend, only the size of the distribution had changed and the lower pattern intensities indicated 
a less dense spray cross section.  The combination of the shadowgraph and patternation 
results indicated that the increase in GLR will contract the hollow cone spray, and finally at 
the nominal GLR of 2.35, a solid cone spray will be formed.  This along with the 
shadowgraph images leads one to conclude that the conical spray penetrates more than it 
distributes.   
Figure 34: Conical patternation at 12.7mm in below nozzle exit.  (a) No 
Air, (b) GLR 0.75, (c) GLR 1.47, (d) GLR 2.35 
30 mm 
(a)  (b)  




4.1.3. Conical PIV Results 
The shadowgraph and patternation methods provided a better understanding of the spray.  
The next step in spray characterization is to determine the spray velocity distribution. A 2D 
PIV system was used to determine the spray velocity profile.   
First, a capture of the conical spray running at a GLR of 0 is shown in Figure 37.  The 
contour plot of the velocity vectors showed an area of high velocity magnitudes of 10m/s 
stemming from the nozzle’s exit extending downward to a distance of 40mm from the nozzle 
exit.   Note that the central region within the spray showed low velocity magnitudes and the 
vectors experience a reversing tendency that corresponded to the reversing flow obtained by 
the PDPA system shown later in this study.   In fact, a closer look at the GLR 0 PIV result in 
Figure 35: Conical patternation at 38.1mm below the nozzle's exit.  (a) No Air, (b) 
GLR 0.75, (c) GLR 1.47, (d) GLR 2.35 
(a)  (b)  




Figure 36 near the hollow region of the spray showed vectors turning in the opposite 
direction of the exiting flow.  The image did not fully capture the swirl since the velocity was 
low in which the averaging of several instantaneous PIV images dampened the reversing 
flow motion.   
The lack of spatial resolution in the first PIV image serves as an indicator that PIV alone 
cannot sufficiently characterize the spray in certain areas.  Recall that the shadowgraph 
image of Figure 30 showed a hollow cone spray. The PIV was only able to capture the main 
flow of the periphery where most of the droplets (seed particles) resided. There were droplets 
within in the center of the spray; however, they were small faint droplets that were under the 
effect of the ambient gas.  Increasing laser intensity could have illuminated the smaller 
droplets; however, this would have lead to a saturation of the larger bright droplets.  The 
saturated areas in the image would increase the risk of damaging the CCD sensor, as well as 
increase overall background noise. On the other hand, the PDPA results that are presented 
later will show more accurate and precise results in the areas that were considered too 
difficult for the PIV to capture. 
Figure 38 shows the conical spray once air is supplied to it and run at a GLR setting of 0.75.  
In this figure one can observe the sudden increase of the velocity magnitudes to 15 m/s 
extending to a distance of 45mm from the nozzle exit, and that the area of high velocity 
magnitudes created an acute angle further indicating a contraction of the spray profile.  In 
Figure 39 the spray was set to a GLR of 1.47.  The maximum velocity magnitude has now 
risen to 20 m/s and has reached to a distance greater than 100mm.  The image also shows 
how the central region possessed lower velocity magnitudes extending from the nozzle exit 
all the way towards the end of the image. Finally, the spray was set to a GLR of 2.35 in 
56 
 
Figure 40 where velocity magnitudes reached a maximum of 40 m/s.  Unlike previous PIV 
results, the contour of maximum velocity magnitude did not start at the exit of the nozzle.  
The maximum velocity contour of 40 m/s starts at 25mm from the exit and extended all the 
way to the end of the image at 100mm.   
The lack of any high velocity gradients near the nozzle indicated a velocity lag between the 
liquid and air.  Recall, that the liquid leaves the nozzle at a lower flow rate than the air and 
that the atomizing air leaves from an annulus surrounding the liquid cone.  Therefore, there is 
a zone in which the liquid is not directly affected by the atomizing air.  In this zone, most of 
the breakup and movement of the droplets was due to its own momentum; however once 
passed this zone the aerodynamic forces of the atomizing air accelerate the droplets down 
even further.  This acceleration is evident since the previous PIV images have shown that the 
velocity of droplets and the penetration depth based on the maximum velocity contours only 
increased when higher air flow rates were used.  The main reason for this occurrence can be 
explained by the droplet size distribution along stream of the spray flow.  Near the nozzle 
exit, the droplets are larger compared to the droplets further downstream (>40mm). The 
lower velocities associated with the larger droplets near the nozzle exit can be explained by 
inspecting the Stokes number.  Stokes number represents how fast the droplets reach to the 
surrounding gas velocity.  Near the nozzle exit due to the presence of many large droplets 
generated by primary atomization of liquid sheet the Stokes number will be larger. 
Downstream the spray on the other hand (>40mm), the secondary atomization results in 
smaller droplet sizes, hence smaller stokes number.  These velocity characteristics seen in the 
PIV images are also presented in the PDPA data in the next section of this study where point-






Figure 37: Closer inspection of the conical spray at a GLR of 0 that the center is 
experiencing a tendency to reverse flow 
Nozzle Exit 























Figure 39: Conical spray velocity profile at GLR 1.47 
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4.1.4. Conical PDPA Results 
The patternation images seen earlier showed that the conical spray was axisymmetric 
therefore PDPA scans were done across one line passing through the center line of the 
nozzle.  The data presented here shows radial scans conducted at different distances from the 
nozzle’s exit and at different flow rates to observe the variations in nozzle performance (e.g. 
diameters, velocity, flux…etc).  Figure 41 shows the Sauter Mean Diameter (SMD) for each 
axial location from the nozzle’s exit.  First, notice that in Figure 41 (a) all the GLR settings 
showed two peaks of maximum SMDs being created.  These maximum diameter peaks are a 
common occurrence in swirl type atomizers which corresponded to the densest parts of the 
spray’s periphery where most of the liquid is present (26).   In addition, note that the size 
distribution of the diameters varied from a bimodal distribution at a GLR of 0 to a less 
pronounced bimodal distribution at higher GLRs.   The fluctuations in Figure 41 (a) at the 
2.35 GLR were likely the result of visual obscuration of the PDPA receiver looking into a 
dense spray region. 
At locations of 38.1mm and 76.2mm the PDPA was able to measure a larger radius due to the 
spray cone becoming wider at further axial locations as was seen by the patternation images.  
At the axial distance of 38.1mm, one can see that the SMD distribution widened 
substantially.  Also note that the bimodal distribution at various GLRs still remained; 
however, the peaks diminished considerably compared to the peaks in the 12.7mm location. 
The axial location of 76.2mm showed the widest distribution of SMDs and shows that the 
SMDs remained almost the same for all cases except at a GLR of 0.  This indicated that the 
effect of the added air used to assist in the breakup of the droplets diminished at locations of 
76.2mm and beyond.  
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The next set of graphs in Figure 42 shows the axial velocity distribution of the conical spray.  
In Figure 42 (a), GLRs of 0 and 0.75 shows a reversing flow tendency within the spray’s 
central core where the smallest droplets occupied what is considered to be a hollow region.  
The reversing flow was the result of the aerodynamic forces of the liquid interacting with the 
ambient environment as well as the air swirler in the case of 0.75 GLR.  Generally, higher 
ambient pressures resulted in greater shear forces being applied to the droplets as they left the 
nozzle.  The reversing flow was the result of the shearing forces between the liquid and air 
(both ambient and injected air).  The size of the droplets also played a role as smaller droplets 
were more susceptible to being driven by the air flow due to their lower momentum, whereas 
larger droplets tended to resist the air flow and move in accordance with their own high 
momentum when exiting the nozzle (26) (27). 
Again two peaks are noticeable at GLRs of 0 and 0.75 where the high velocity magnitudes 
corresponded to the larger diameters shown previously in Figure 41.  The reversing flow 
ceased to exist at locations further downstream of the nozzle where velocity profiles took on 
a Gaussian shape.  The highest velocity peaks were recorded at a location of 38.1mm from 
the nozzle.  The velocities were substantially lower at the 76.2mm locations; however the 
GLRs of 1.47 and 2.35 still showed significant magnitudes compared to the GLRs of 0.75 
and 0.  Recall that the SMD distribution in Figure 41 showed that added air had little effect 
on reducing droplet diameters at locations further away from the nozzle, yet the latest 
velocity data shows that the droplet velocities are maintained throughout the spray. This 
leads one to conclude that most of the air’s energy is being used to transport the droplets 
rather than break the droplets into smaller diameters. 
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The next set of results from the PDPA show volume flux data obtained by the PDPA system.  
The volume flux is used as an indicator to determine where certain areas of the spray may 
have higher liquid concentrations and is compared to the shadowgraph observations made 
earlier. 
The plots of Figure 43 show volume flux ratio based on the maximum flux recorded by the 
PDPA system.  Initially, the volume flux at the 12.7mm location showed relatively low fluxes 
accompanied by the bimodal peaks pertaining to the spray cone’s periphery.  The widest 
peak recorded was for GLR= 0 (No Air) scenario, which indicated that the spray cone was 
widest when no air is used and narrowed when more air was added.  At the location of 
38.1mm the difference in flux ratios is apparent and the higher GLR setting of 2.35 showed 
the most significant increase, whereas other GLR settings remained relatively low.  The 
volume flux taken at the 76.2mm location showed a substantial decrease since the data was 
taken at a relatively far away distance from the nozzle exit.  In essence, the volume flux 







Figure 41: Conical spray SMD distribution taken at (a) 12.7mm below exit (b) 381.1mm below exit (c) 
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Figure 43: Conical volume flux distribution taken at (a) 12.7mm below exit (b) 38.1mm below exit (c) 
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4.2. Elliptical Nozzle 
4.2.1. Elliptical Shadowgraph 
Shadowgraph images captured the elliptical spray in two different views.  The left column 
images are for the major axis and the right column, the minor axis.  Recall that the elliptical 
nozzle’s liquid swirler is similar in design to the conical nozzle, and that the only difference 
between both nozzles is in the method of how air is issued to assist in the atomization 
process.  The effect of the air profiler is clearly visible in Figure 44 (a) and (b) where the 
major axis view show a spray cone angle of 110º ±5º in (a), and an a narrow angle of 85º ±5º 
in (b).  Worth pointing out is that the minor axis spray angle is also larger than the spray cone 
angle of the conical spray mentioned earlier when run at similar GLRs. 
At higher GLRs in figures 44 (c) through (f), the elliptical spray shows a sign of higher 
quality atomization as the liquid sheet ceases to exist.  This also however made spray angle 
determination impractical as only a silhouette of droplets remained making any spray angle 
determination highly subjective.  Nevertheless, the silhouettes of droplets in the minor axis 
show a tendency of decreasing spray cone angle in the minor axis.  The major axis silhouette 
was not as clear as the minor axis leading to the possibility that there is a higher liquid 
concentration in the view of the minor axis than there is in the major axis. 
Shadowgraph analysis of the elliptical spray did not reveal distinguishable angles; however, 
the relatively high quality atomization of the elliptical spray showed signs that the spray is 
creating a much wider distribution of water droplets covering a larger area in the view of the 
major axis.  Even the minor axis has shown signs of atomization being of a higher quality 
than what was observed in the conical spray earlier.  The following section will show optical 





Figure 44: Shadowgraph imaging of the elliptical spray.  The difference in spray angles is 
evident in (a) and (b), however it is difficult to determine the spray angle at higher air flows 
due to the high quality atomization. 
(a) GLR 0.75 Major Axis  (b) GLR 0.75 Minor Axis 
(c) GLR 1.47 Major Axis  (d) GLR 1.47 Minor Axis 






4.2.2. Elliptical Optical Patternation 
Figure 45 shows the pattern images of the elliptical spray spray taken at 12.7, 38.1, and 
76.2mm below the nozzle’s exit at GLRs ranging from 0 to 2.35.  Initially, the spray pattern 
is a common circular hollow cone nozzle when no air is supplied to the air profiler.  The 
addition of air flow to the nozzle causes a sudden change in the nozzle’s spray pattern and 
shows interesting characteristics.   First, the elliptical spray actually takes on a more 
rectangular or parallelogram form instead of the expected elliptical pattern.  More 
importantly, the increasing of the GLR at 12.7mm causes the spray pattern to grow in size 
allowing for a greater distribution of the liquid.  The GLR of 1.47 and 2.35 show what appear 
to be streaks that increase the area covered by the spray. It is also possible that the streaks are 
swirl streaks that will be discussed later.  The other observation made on all GLR settings is 
that the spray has a wider distribution when moving downstream (i.e. 12.7 to 38.1mm).   
 At a location of 76.2mm from the nozzle exit the spray pattern becomes almost homogenous 
and the droplets effectively fill the images completely leaving a faint hollow region within 
the central core of the spray.  The 76.2mm did however present an interesting phenomenon 
where the hollow region at various GLRs takes on helical shapes.  These shapes along with 
the streaks the other images lead to the consideration of the swirl component of the spray.   
Recall that the pattern images shown here are based on the superimposition of a hundred 
images that make up the overall spray pattern; therefore the appearance of a streaks and 
starbursts like images at higher GLRs may have been an indicator to a swirl motion that was 
sequentially captured by the patternation method. The individual spray images where studied 
separately to confirm the presence of any swirl motion, and the images of Figure 46 are 
samples of the elliptical spray showing swirling movement at 38.1mm and 76.2mm below the 
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nozzle’s exit.  The swirl motion present in the elliptical spray lead to the consideration that 
the droplet distribution of the elliptical spray has a transient characteristic.  This type of swirl 
motion could therefore have an effect on the degree of error present in both the PIV and 




Figure 45: Optical patternation of the elliptical spray taken at various heights from the nozzle exit 
76.2mm 38.1mm 12.7mm 
 






















Figure 46: Evidence of cross sectional swirling in the elliptical spray using individual 








4.2.3. Elliptical PIV Results 
The PIV analysis on the elliptical spray for GLRs of 0.75 to 2.35 is shown in Figure 47.  The 
images in the left column represent the major axis view where one can imagine the laser 
sheet being emitted from the side of the paper.  The first observation to note is that along 
major axis (Figure 47 a, c, and e) there is no significant change in the shape of the velocity 
profile.  Overall maximum velocity magnitude determined by the PIV was at 12 m/s.  There 
is a slight widening of the spray angle in (e) when the nozzle was running at a GLR of 2.35 
and the image also appears to be nonsymmetrical.  The lack of symmetry in Figure 47 (e) 
was likely the result of laser sheet being offset from the ellipse’s plain of symmetry.  
Furthermore, Figure 47 (e) also shows area where the velocity contour near the exit of the 
nozzle has little or no velocity gradient.  The likely cause for this again is possibly due to the 
saturation of liquid droplets and ligaments that increase the overall noise level in that 
particular area of the image making it difficult for the PIV to cross correlate any valid 
signals. 
The minor axis velocity profile (Figure 47 b, d, and f) on the other hand tells a different 
story.  Variation in GLR setting caused immediate and sudden changes in velocity profile.  
The significant change in the minor axis profile shows the direct effect the air profiler has on 
the minor axis when GLR is changed.  At a GLR of 0.75 that velocity profile takes on an 
inverted V like formation with high velocity magnitudes of 12 m/s occupying the main spray 
periphery where most of the liquid is situated.  The pattern is repeated at GLR of 1.47 where 
the magnitude of the velocity has increased to its maximum of 15 m/s.  Issues regarding 
saturation of the image again arise in Figure 47 (f) where the GLR is set to 2.35.  Again, the 
reduction in magnitude is likely the result of areas near the nozzle exit being oversaturated 
with droplets the hinder signal correlation for the PIV.   
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The PIV results of the elliptical spray did clearly identify two unique velocity profiles in the 
resultant spray.  There were however some issues regarding image saturation that may have 
reduced the PIV’s accuracy in this scenario.   Furthermore, recall that the patternation images 
show signs of swirl motion being present in the elliptical spray.  Droplet motion in and out of 
the PIV’s laser sheet may have therefore reduced the accuracy in the analysis as this could 
have caused a droplet to appear in one image and disappear in the next image. Losing track 
of such droplets may result in an invalid detection (28).  This setback proves how adding a 
point-wise measuring system such the PDPA can obtain valid results where the PIV had 








(a) GLR 0.75 Major Axis 
 




(b) GLR 0.75 Minor Axis 
 
(d) GLR 1.47 Minor Axis 
 
(e) GLR 2.35 Major Axis 
 
(f) GLR 2.35 Minor Axis 
 Figure 47: PIV image of the elliptical spray ranging from GLR 0 to GLR 2.35 (left) Major Axis (Right) Minor Axis 
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4.2.4. Elliptical PDPA Results 
The imaging methods seen earlier have shown the unique characteristics of the elliptical 
spray.  The results suggest that the quality of atomization in terms of droplet size is very fine 
and that atomization of water occurs almost instantly upon leaving the nozzle’s exit.  
Additionally, the patternation images clearly showed that the elliptical spray posses a highly 
complex three dimensional pattern.  Therefore, the PDPA measurements along the major and 
minor axis are expected to yield substantially different results with respect to each other.  
Figure 48 through 50 shows SMD distribution of the elliptical nozzle’s spray captured at 
various GLRs mentioned earlier at axial distances of 12.7, 38.1 and 76mm from the nozzle’s 
exit along major and minor axis planes.  In Figure 48 through 50, the SMD distribution in all 
cases show a more uniform spread of droplets.  Closer inspection of Figure 48 at 12.7mm 
below the nozzle exit shows signs of fluctuations; however, the trend of the distribution is 
more uniform than the conical spray. The measurement at 12.7mm is relatively close to the 
nozzle.  It is therefore likely that 12.7mm is in a transition zone between primary and 
secondary atomization breakup mode in which not all of the liquid has been completely 
atomized.  Therefore, the presence of non spherical droplets in this region may hinder the 
PDPA’s ability to obtain valid diameter measurements of the droplets (28).  In this case, the 
maximum deviation in diameter measurements was in regions of low data flow which are in 
hollow regions of the spray and its periphery resulting in a maxim standard deviation of 5.5 
microns.  Also, data was cut off from Figure 48 (b) because no data was detected by the 
PDPA in the central region.   
The SMDs do not change significantly when GLRs are varied.  This may in fact be the 
consequence of the air profilers responsible for creating an elliptical profile. The velocity 
distribution on the other hand showed greater changes.  Figure 51 through 53 show the 
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velocity distribution taken at the same time as the SMD distribution measurements.  The first 
note is the dramatic difference in spray velocity at the 2.35GLR when compared to other 
flow rates.  In this case the maximum velocity distribution is recoded to be 21.67 m/s along 
the major axis and 26 m/s along the minor axis.  Generally, the spray velocity is highest in 
the center of the spray where the peak velocity eventually begins to diminish when moving 
downstream to locations further away from the exit of the nozzle. 
Looking back at the SMD distribution figures of the elliptical spray, one may come to the 
realization that most of the kinetic energy in the elliptical spray is consumed in uniformly 
breaking up the liquid into small finer droplets, rather than having deeper penetration such as 
that of the conical spray.  This is evident in the fact that there was little change in the 
diameter distributions yet velocity magnitudes showed great differences along various axial 
locations and GLR settings.  Volume flux measurements using the PDPA also reinforce the 
observation. 
Looking back at the velocity profiles from the PIV results, it is evident that the maximum 
velocity magnitudes do not directly match between the PIV and PDPA.  As mentioned 
earlier, one of the issues with the PIV is its lack of spatial resolution where it is unable to 
clearly distinguish individual droplets.  Furthermore, the issue of oversaturation near the exit 
of the elliptical spray may have contributed to the discrepancy in the results. 
The volume flux measurements in Figures 54 through 56 shed more information on the 
relationship between the droplet diameters and their velocities.  In all cases, the GLR of 2.35 
showed the highest volume flux.  In addition, the GLR of 2.35 in all axial locations shows 
the greatest amount of flux compared to other GLR cases.  The flux indicated that the spray 
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is far more wide spread and that more energy is spent on droplet dispersion than on 
transporting droplets further downstream (i.e. penetration).  The combination of high velocity 
yet low volume flux accompanied with little change in droplets indicates that there is a high 
air velocity gradient in the center where liquid concentration is relatively less than areas 
further away from the center. 
 The flux measurements have also shown that the spray is empty in some areas; however 
there is evidence of some low volume flow rates in the center.  It is possible that the elliptical 
spray entraps some droplets within the spray core; however, it is also possible that the PDPA 
scan did not pass directly through the centerline axis properly as this is subject to human 
































































































































































































































































































































































Finally, the swirl motion that was identified by the optical patternation leads to the 
consideration of the out of plane motion of some droplets (i.e. droplets entering and leaving 
the laser sheet).  Other experimental works have shown that the out of plane motion of 
particles entering and leaving the laser sheet plane increases the overall error in PIV 
measurements (29) (30) (18).  In this case, the swirl motion was not only picked by the 
patternation but PDPA velocity measurements of the nozzle’s radial (horizontal) velocity 
also confirm the presence of high velocity magnitudes that would have left a thin laser sheet.  
Figure 57 and Figure 58 below show a plot of the radial velocity in the major and minor axis 
respectively.  Notice that the major axis radial velocity shows strong indications of swirl 
motion since an axisymmetric velocity swirl of 10 m/s was captured.  On the other hand, the 
radial velocity of the minor axis fluctuates and has a lower magnitude and is only 4m/s.  
Ideally in a circular spray both axis should show similar result; however, in this case the 
minor axis radial velocity is reduced owning to effect of the air profiler that disturbs the 
swirling effect causing the droplets to experience a downward motion and less radial motion.  




Figure 57: Radial velocity distribution of the elliptical spray in the major axis.  The distribution shows 
signs that the droplets are swirling. 
 
Figure 58: Radial velocity distribution of the elliptical spray in the minor axis.  The magnitude of the 





























4.3.  Comparing Nozzles 
This final section of the results offers a direct comparison between the elliptical and conical 
spray using a select set of PDPA data.  All data presented here where taken at the nozzles’ 
nominal operating GLR of 2.35 and at a height of 38.1mm from the nozzle exit. 
First, Figure 60 shows the SMD distribution of both nozzles resulted from the conical and 
elliptical spray.  The major axis shows the smallest diameter to be 15µm; however that is 
within the deviation of ±5µm.  It is also evident that the elliptical spray along both the major 
and minor axis has a wider distribution; whereas the conical is narrow and shows a steeper 
trend of droplet diameters increasing in size when moving away from the center. 





Figure 60: The SMD distribution for both nozzles shows little variation in droplet size; however wider a 
spread of droplets is achieved with the elliptical spray 
Second, the velocity distribution in Figure 61 is where the differences are even greater.  The 
conical spray clearly has the overall highest velocity magnitude where a maximum axial 
velocity magnitude of 36 m/s in the center of the spray was measured.  This explains why the 
conical spray has higher penetration depths since the air velocity forces down droplets at a 
much higher rate than the elliptical spray in either axis. 
 
Figure 61: The axial velocity magnitude is highest with the conical where deeper penetration is expected 
Third, the volume flux measurement in Figure 62 shows that the volume flux associated with 
the conical spray is highest at 0.1125 cm3/cm2.s with a very narrow distribution.  On the 



































Figure 62: The volume flux distribution shows that the elliptical spray has a wider spread and the conical 
spray is narrow with deeper spray penetration 
Therefore, the data presented show that both nozzles generate similar diameters in the center 
of the spray.  However, the elliptical spray has a more uniform diameter distribution that 
spreads itself over a wider area.  The velocity measurements showed evidence that the 
elliptical spray’s droplets have slower axial velocities resulting in less penetration than the 
conical spray.  Finally, the flux data has shown how the conical spray may have droplets 
similar in size to the elliptical, yet it has more droplets passing through the center of the 
spray than the elliptical because the conical spray forces the same volume of liquid within a 




















The aim of this study was to experimentally analyze two types of air-blast spray atomizers.  
One atomizer was a standard circular hollow cone atomizer and the other was a novel hollow 
elliptical atomizer.  The atomizers were run at various GLRs in order to compare their 
performance using non-intrusive laser diagnostic tools such as Shadowgraph, optical 
patternation, PIV, and PDPA.  The results of this study have also shown that although each 
method has specific strong points that helped improve the understanding of how these 
atomizers performed. They did also show some weaknesses in other areas.  Therefore, one 
can conclude that the individual experimental methods applied alone are not sufficient to 
establish a full scale understanding of spray atomizers; rather, it is the combination of all 
these experimental techniques that complement each other. 
For the conical spray, the shadowgraph and patternation methods showed that increasing the 
GLR through an increase in air flow rates resulted in a contracting spray cone angle.  The 
optical patternation also confirmed the contraction of the spray core evident from the 
reduction in cross-sectional spray pattern images.  In addition, the patternation images 
showed that the conical spray initially showed a hollow circular spray pattern that shrunk in 
size.  Further increases in air flow caused the conical spray to become solid instead of 
hollow.  The shadowgraph images also showed signs of increasing penetration depth due to 
the high velocity gradients of air.  Further confirmation what was seen in the images was 
validated using PIV and PDPA. 
The PIV tests showed velocity profiles that not only increased with higher GLRs but that the 
spray profile also contracted.  In particular, the velocity profile near the exit of the conical 
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spray showed low velocity magnitudes that eventually increased further downstream from 
the nozzle exit.  The difference in magnitude indicated that droplets leaving the conical 
nozzle experienced a lag where the droplets accelerated further away from the exit once 
exposed to the aerodynamic forces of the high velocity air.  The PDPA tests on the conical 
spray confirmed what was recorded by the PIV and provided spatially resolved information 
on the droplets.  The droplet diameters measured by the PDPA showed that the smallest 
droplets occupy the central hollow region of the spray where little or no volume of liquid 
flows through.  The largest droplets were detected in areas near the spray’s periphery where 
primary breakup from the bulk liquid itself was occurring.  The volume flux measured by the 
PDPA also coincided with previous experiments.  Therefore, the increasing in GLR with the 
conical nozzle resulted in a spray that had a narrow liquid distribution but an increased 
penetration depth. 
In the case of the elliptical spray, the shadowgraph images showed clear indications of a 
change in spray cone in different axes at low GLRs.  The increase in GLR made it difficult to 
determine the exact angle due to the fine atomization quality.  The optical patternation 
successfully captured the unique elliptical pattern at different GLRs and multiple locations 
from the nozzle exit.  Furthermore, the optical patternation also showed signs of swirl motion 
in the cross-sectional spray pattern.  It should be noted however that the pattern itself did not 
rotate in any of the patternation images.  In addition, the pattern’s major and minor axes 
remained aligned with the major and minor axes of the nozzle. 
The PIV images of the elliptical spray showed different velocity profiles along the major and 
minor axes owning to the effect of the air profilers.  There were also some difficulties 
encountered with PIV measurements using the elliptical spray.  First, the velocity profile in 
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areas near the exit were oversaturated due to the presence of a large volume of droplets 
making it difficult for the PIV to determine valid velocity magnitudes.   Second, the presence 
of swirl motion in the cross-sectional plane of the elliptical spray indicated a highly complex 
three dimensional flow that contributed to an increase in error of the PIV tests as there may 
have been droplets arriving and leaving the thin laser sheet of the PIV.   
The PDPA tests showed that the elliptical spray has wider droplet distribution than the 
conical spray.  In addition, the droplet diameters where distributed more uniformly compared 
to the conical spray, where differences in the smallest and largest diameters from the center 
of the spray to the edge were less substantial.  Furthermore, the elliptical spray’s axial 
velocity magnitude was significantly less and the volume flux was far more distributed.   
5.2. Recommendations & Future Works 
The work carried out during this study can be looked upon as a benchmark for future 
experimental works on other spray atomizers.  There are several areas that can be extended to 
this work. 
Future tests on the both the conical and elliptical spray could be done using liquids that have 
different surface tensions in order to see the effect it has on the breakup regime.  This can be 
achieved using water with an additional surfactant such as a detergent which would reduce 
the water’s surface tension allowing for a fluid that better resembles some of the fossil fuels 
used in gas turbine engines.  In addition, liquids of varying viscosity should also be 
considered. 
More importantly, the experiments showed the unique spray characteristics of the elliptical 
spray.  Different velocity profiles where observed along two different axes of the elliptical 
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spray when using the PIV system. Furthermore PDPA results confirmed the evidence of the 
pattern that significant swirl motion resulted a in a highly three dimensional spray flow.  
Therefore, future PIV experiments can be realized using 3-D stereoscopic setups that will 
obtain all three velocity components (i.e. Vx, Vy, and Vz). In addition, post-processing of the 
data may be improved by implementing a multistep (i.e. recursive pass).  These in turn would 
result in a more accurate velocity profile as well as enhancing the understanding of the 
elliptical spray’s behavior.   
Further improvements can be done to the PDPA system as well.  The presented results 
showed that the laser probe may not have passed directly through the spray center line in 
some of the experiments which results in deviation from the actual major and minor axes.  
One way of improving the PDPA results could be done by conducting a cross sectional 
mapping of the spray profile.  This would be similar to the scanning method used on the 
elliptical spray; however, it would cover the spray’s entire cross-sectional pattern.  This 
would not only improve droplet diameter and velocity measurements, it would also greatly 
enhance the accuracy of volume flux measurements that could be directly compared to the 
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